The effects of chemical modification of s-amino groups (using the water soluble polyanionic copolymer ethylene/maleic anhydride) on the structure and function of various aspartyl proteinases (the proteinase from the fungus Mucor miehei (MMP), and the mammalian proteinases porcine pepsin and chymosin) were examined. Modification of 100% of the lysyl residues in the proteinases resulted in an increased milk-clotting to proteolytic activity ratio (MC/PA) for pepsin and chymosin, and a lower MC/PAfor MMP.Ammo-modified MMPwas insensitive to the proteinase inhibitor pepstatin, but modified pepsin and chymosin were inactivated. Modification shifted the pH-activity optimum of the mammalianenzymes by 0.5 pH units to a more alkaline pH and to a more acidic optimumfor MMP. Amino modification also decreased the thermostability of the fungal enzyme. Changes in tertiary structure and significant differences in the proportions of the secondary structure fractions a-helix and /?-sheet were evident only for modified MMP.Results from this study suggested that MMP was more susceptible to destabilization by charge alteration than aspartyl proteinases of mammalian origin.
Proteinases that successfully clot milk for cheese production belong to the class of enzymes known as aspartyl proteinases (EC 3.4.23) . These enzymes are characterized by the presence of two catalytically essential aspartic acid residues, optimal activities at pH 1.5-5.0, and their susceptibility to inhibition by pepstatin and the active-site-directed affinity labels diazoacetyl-norleucine methyl ester and epoxy(/)-nitrophenoxy)propane.1 '2) All enzymes in this class have an asymmetrically clefted active site formed by two lobes. 3) Despite sequence and structural homologies for a number of aspartyl proteinases,4'5) dissimilarity in physicochemical properties have been observed, e.g., chymosin has a high milk-clotting to proteolytic activity ratio (MC/PA) while porcine pepsin and Mucor miehei proteinase (MMP) have a lower ratio.6'7)
In addition, MMPis a glycoprotein with high thermostability.8) Continued prote-2009 olysis following curd cooking is thought to result in the development of bitter flavors and undesirable product softening.9) Based on the dogma that structure dictates function,10) it follows that differences in physicochemical properties (e.g., activity, specificity) may be the result of subtle variations in protein conformation. 1 1} Hydrophobic effects and electrostatic interactions are two parameters that influence protein structure/ function. Differences in hydrophobicity and charge (zeta potential) between several aspartyl proteinases have been documented6); chymosin was reported to have high hydrophobicity and low charge. Yada and Nakai6) hypothesized that alternation of these parameters in other aspartyl membersmay produce proteinases with properties that more closely resemble those of chymosin (e.g., high MC/PA). This hypothesis has been partially tested in a structure-function study of the aspartyl pro-
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teinase from M. miehei12); decreased negative charge in this proteinase through chemical modification of carboxyl groups lowered the MC/PA. A similar finding was reported for carboxyl-modified porcine pepsin. 13' 14) The effects of increased negative charge in aspartyl proteinases have also been examined.
Carbamylation of the amino terminus and lysyl residues in MMP reportedly increased the ionic character and decreased the proteolytic activity of the fungal enzyme15); however, the effects of modification on milk-clotting activity were not examined. Increased negative charge through covalent attachment of a polyanionic copolymer to the lysyl residue in porcine pepsin decreased both proteolytic and milk-clotting activities. 1 6) The majority of the studies reporting reduced catalytic activity of chemically modified fungal and mammalianaspartyl proteinases have not found if changes in function were coincident with structural (conformational) changes. In addition, no comparative structure-function study has been done to date on the effects of chemical modification of amino groups in aspartyl proteinases from different (i.e., fungal versus mammalian)sources. Such an investigation may aid in the elucidation of those groups important for catalysis and specificity, and serve to identify differences that account for the observed functional differences within the aspartyl proteinase class of enzymes.
Therefore, this study reports on the structure-function changes in MMP resulting from increased negative charge through chemical modification of amino groups using a watersoluble polyanionic copolymer. 
Assessment of degree of modification
Amino acid analysis showed that native MMP, porcine pepsin, and chymosin contained 10, 1, and 8 £-amino groups (i.e., lysyl residues) per molecule of protein, respectively. These values were in accordance with those previously reported for MMP,17) porcine pepsin,26) and chymosin.27) Amino acid analysis following reductive methylation of EMA-modified enzymes indicated that 100% of the lysyl residues were modified (results not shown). Measurement of the residual free primary amino groups in the proteinases using the TNBS method showed that on average only 20% of these groups were modified (results not shown). These findings suggested that reaction of the different proteinases with EMA under the selected conditions resulted in modification of principally lysyl residues. A similar finding was reported for EMAmodification of porcine pepsin.16)
Physicochemical characterization
Agarose gel electrophoresis showed that EMA-modified proteinases had increased net negative charge, i.e., electrophoretic mobility toward the cathode was greater for aminomodified samples compared to native counterparts (Table I) Proteolytic and milk-clotting activities of the three aspartyl proteinases were significantly (p < 0.05) decreased following amino modification with EMA (Table II) . Modified MMPwas found to have only 17 and 3% of native proteolytic and milk-clotting activity, respectively. Reduction of these activities was reflected by decreased MC/PA. Conversely, although both proteolytic and milk-clotting activities of pepsin and chymosin were decreased, proteolytic activity was affected to a greater extent. Consequently, the resulting MC/PAfor these mammalian proteinases was increased (Table II) . Modification of these enzymes was also reflected by changes in their susceptibility to inhibition by pepstatin A. Incubation of solutions of native proteinases with pepstatin A left less than 1 % residual activity (Table III) . Conversely, amino-modified MMPshowed the same activity both in the presence and absence of the inhibitor. Both amino-modified pepsin and chymosin remained suceptible to pepstatin A, although the extent of inhibition was reduced (Table III) . The pH-activity optimum of MMP was shifted from pH 5.0 to pH 4.5 as a consequence of modification (Fig. 1A) . The pH-activity optimum of pepsin ( Fig. IB) a Residual proteolytic activity was calculated relative to samples not containing the inhibitor. Samples (100>g in 0.2ml 20mM MES buffer (pH 5.5) were incubated with 100/^g pepstatin for 30min at 25°C.
b Activity was assayed in triplicate using aciddenatured hemoglobin.
1 C) were also altered by modification; however, a shift of0.5 pH units towards a more alkaline pHoptimumwas observed for these enzymes. Proteolytic activity of the native fungal enzyme was unchanged (/?>0.05) from 25 to 70°C, while amino-modified MMPshowed maximum activity to only 55°C. Complete inactivation of both native and modified MMP occurred at about 80°C ( Fig.  2A) . The temperature-activity profile of native porcine pepsin was similar to that previously reported29'30^essentially no activity towards acid-denatured hemoglobin was observed above 70°C. Modified pepsin showed a similar Enzyme concentration was 1mg/ml in 20him buffers ranging in pH from 2.0 to 9.0 (0.5 pH intervals).17) Samples were incubated for 1hr at 4°C subsequent to activity measurement using acid-denatured hemoglobin as substrate. Assays were done in triplicate. Enzymeconcentration was 1 mg/ml in 20mMMESbuffer (pH 5.5). Samples (1.0 ml) of each proteinase solution were incubated for lOmin at temperatures from 25 to 90°C (5°C intervals) and cooled rapidly to room temperature. Proteolytic activity was assayed subsequently using acid-denatured hemoglobin as substrate; measurements were done in triplicate.
response to increased temperature although maximum activity occurred over an abbreviated temperature range (Fig. 2B) . Native chymosinwasmorethermostable than pepsin as indicated by greater % activity above 60°C and continued proteolysis above 70°C. As with the other proteinases, amino modification of chymosin increased the thermolability of the proteinase (Fig. 2C) .
Reduced thermostability of the modified enzymes was further demonstrated by a decrease (relative to native enzyme) in %re-sidual proteolytic activity following a thermal treatment equivalent to pasteurization (Table  IV) . Noteworthy was that this reduction was significant (p<0.05) only for MMP. Structure Near-UVCDwas used to monitor the effects of amino modification on the tertiary structure of the various proteinases. Figure 3A indicates the nearly complete loss of tertiary structure of MMP following modification. The fine structure of the aromatic amino acid residues, apparent in the spectrum of native MMP,was Pepsin, and (C) Chymosin. Enzymeconcentration and sample preparation were as described in Materials and Methods.
not detectable in the CD spectrum of the amino-modified enzyme. The tertiary structure of both porcine pepsin and chymosin was relatively unchanged by modification as indicated by the similar spectra for both the native and amino-modified samples (Fig. 3B,   C) .
A comparable situation was seen for protein secondary structure, indicated by far-UV CD spectra. Table V In this study, all lysyi residues in the aspartyl proteinases examinee were modified using this negatively chargec polyelectrolyte.
Since generally only lysy residues participated in the modificatior reactions, the number of copolymer molecules bound to the proteinases, and the resultani changes in their structure and function, was assumed to be related to the number oi available e-amino groups. Of particular interest, however, was the fact that while both MMF and chymosin contained similar numbers oj lysyl residues available for modification (10 anc 8, respectively), only the fungal enzyme showec marked changes in structure and function Since all lysyl residues were shown to be modified, this finding may be a reflection oi the inherent stability differences between the native proteinases, e.g., protein stabilizing hydrophobic effects have been reported to be more predominant in chymosin.6) In addition, location of the amino groups in the fungal and calf enzymes may have influenced the degree of modification-induced alteration of structure and function. Modification of ammo-bearing residues remote from each other and/oi substrate binding/active sites may not have affected protein structure and, therefore, function, to the same extent as modification oi amino groups in close proximity. Confirmation of this hypothesis awaits further structural and sequence analyses of these proteinases.
All modified proteinases displayed reduced proteolytic and milk-clotting activities (Table   II) . Increased net negative charge on the modified enzymes (Table I) Evidence from the pepstatin inhibition study (Table III) together with structural analysis ( Fig. 3 ; Table V ) indicated, however, that the conformation of modified pepsin and chymosin was essentially unchanged from that of the corresponding native enzymes (i.e., modified mammalain proteinases remained susceptible to inhibition by pepstatin, and tertiary structure and the proportions of secondary structure fractions were similar to that of native enzymes). Conversely, modified MMP was not inhibited by pepstatin (Table III) , and showed substantially altered tertiary structure (Fig. 3) and significant (p<0.05) changes in the proportions of a-helix and /?-sheet (Table V) .
These results suggested that decreased enzymatic activity of the modified mammalian enzymesmaybe more a product of physical restriction and/or coulombic repulsion of substrate from the enzyme binding/active site, while reduced activity of the modified fungal enzyme maybe attributable to modificationinduced alteration of active conformation; the effects of EMAsize and charge may have also contributed.
Lowenstein16) reported a shift of 1.5 pH units toward a more alkaline pH optima following EMAmodification of porcine pepsin.
A similar trend was obtained in this study; both modified pepsin and chymosin functioned optimally at a pH 0.5 units above native enzyme pH-activity optimum (Fig. 2B, C) .
Conversely, modified MMPshowed maximum catalytic activity at a pH below that of the native enzyme (Fig. 1A) . Increased anionic character of MMP through carbamylation of 2015 amino groups has similarly been reported to shift the pH-activity optimum of the enzyme toward acid pH.1 5) Shifts in pH-activity optima may be the result of altered intrinsic pH arising from the polyanion in the vicinity of the active site 16,31,32) Tke OppOSjte shifts in pH-activity optima observed for the modified fungal and mammalianenzymes may be related to the number and location oflysyl residues proximal to the substrate binding/active site. Amino-modified MMP was less thermotolerant than the corresponding native enzyme ( Fig.  2 ; Table  IV ). This suggested that disruption of protein charge density by the polyanion may have decreased the 'conformational stability' of the fungal enzyme; support for this hypothesis is presented in a companion paper.33) This finding is particularly noteworthy since native MMP has the highest thermostability of all the aspartyl proteinases used to clot milk for cheesemaking.9)
Results from this study indicated that aspartyl proteinases from different sources that were modified to similar degrees showed dissimilar responses to increased negative charge; MMP appeared to be particularly susceptible to charge destabilization. Further investigation into the importance of charge and other forces (e.g., hydrophobicity) in aspartyl proteinase structure-function is required to better understand the nature of those factors contributing to high MC/PAand substrate specificity, and to aid in the development of systematic modification strategies for the production of more chymosin-like proteinases.
